Introduction
============

Mammalian cells exploit a variety of endocytic pathways to internalize components of the plasma membrane. The classical clathrin-dependent pathway has been shown to be complemented by multiple clathrin-independent pathways that mediate the endocytosis of particular complements of plasma membrane proteins and other endocytic cargo ([@bib54]; [@bib47]; [@bib20]; [@bib44]; [@bib3]; [@bib5]). However, many aspects of the diversity, the cargo specificity, and the molecular mechanisms of clathrin-independent endocytic pathways remain to be clarified ([@bib35]; [@bib25]; [@bib34]; [@bib48]; [@bib8]).

Glycosylphosphatidylinositol (GPI)-anchored proteins constitute one class of membrane proteins that are internalized mainly by clathrin-independent processes in various cell types. When clustered by extracellular agents, GPI proteins can be internalized via caveolae ([@bib36]). In contrast, in the absence of clustering agents, diverse GPI-anchored proteins are internalized primarily by a distinct endocytic process that has been termed the GPI-enriched early endosomal compartment (GEEC) or clathrin-independent carrier (CLIC) pathway ([@bib47]; [@bib15]; [@bib26]). This pathway is independent of clathrin, dynamin, and caveolin, is regulated by the small G proteins Arf1 and cdc42, and is highly sensitive to perturbation of actin polymerization ([@bib26]; [@bib4]; [@bib27]). Certain bacterial toxins that are endocytosed in a GPI protein--dependent manner, such as aerolysin and *Helicobacter pylori* VacA, as well as a substantial fraction of pinocytosed fluid-phase markers are also internalized via the GEEC/CLIC pathway ([@bib46]; [@bib11]; [@bib15]). Some transmembrane proteins that exhibit clathrin- and caveolin-independent endocytosis are found in GPI protein--containing, Arf6-associated peripheral endocytic structures that may be related to GEECs ([@bib41]; [@bib2]; [@bib10]), although some other transmembrane proteins such as interleukin-2 receptor enter cells by apparently distinct clathrin/caveolin-independent pathways ([@bib28]; [@bib47]). However, at present, GPI proteins constitute the best-characterized endogenous membrane cargo for the GEEC/CLIC pathway.

The mechanism or mechanisms by which GPI proteins are internalized by the GEEC/CLIC pathway without showing significant parallel uptake via, for example, the clathrin-mediated endocytic pathway remain unclear. This question is of particular interest given that GPI proteins, lacking cytoplasmic domains, cannot directly engage intracellular elements of the cellular endocytic machinery. In principle, elements of the GPI anchor could bind to a common, as yet unidentified transmembrane adapter protein that recruits GPI proteins into the GEEC/CLIC pathway. Alternatively, the long-chain saturated lipid anchors found in many GPI proteins could direct the distinctive endocytic routing of these proteins by promoting their association with ordered-lipid microdomains or nanoclusters ([@bib51], [@bib52]; [@bib4]). Assessment of such possibilities is complicated by the relative paucity of approaches available to modify the organization and interactions of GPI proteins in cell membranes and by the highly pleiotropic effects of the approaches available (e.g., perturbation of cortical actin organization or of membrane cholesterol levels).

As an alternative approach to clarify the structural and physical bases for endocytosis of GPI proteins via the GEEC/CLIC pathway, we have investigated the manner in which proteins tethered to artificial phosphatidylethanolamine (PE)-polyethyleneglycol (PEG) anchors with different structures are internalized from the plasma membrane in CHO cells. We find that PE-PEG--anchored proteins are internalized in a manner that closely parallels that observed for GPI-anchored proteins, independently of both the identity of the artificially anchored protein and the physical properties of the PE-PEG anchor, but with a clear requirement for the steric bulk that the anchored protein contributes.

Results
=======

As we have demonstrated previously for Jurkat and 3T3-L1 cells ([@bib57]), PE-PEG protein conjugates with long acyl chains can be introduced into mammalian cell membranes by first incorporating into the cells a PE-PEG (ligand) anchor and then binding to the incorporated anchor molecules a protein that associates tightly with the tethered ligand. To facilitate investigation of the endocytic trafficking of these species, we developed three novel classes of PE-PEG ligand compounds (structures shown in [Fig. 1](#fig1){ref-type="fig"}) that strongly bind appropriate fluorescent proteins (anti-DNP antibody, streptavidin, or *Escherichia coli* dihydrofolate reductase \[DHFR\]) in physiological media but that also allow efficient removal of surface-bound proteins under appropriate conditions, allowing internalized PE-PEG protein complexes to be visualized selectively. For this study, we used FRαTb-1 cells, a CHO cell line that stably expresses the human transferrin and GPI-linked folate receptors and in which the GEEC/CLIC endocytic pathway has been particularly well characterized ([@bib47]; [@bib4]; [@bib27]). Cells incubated with fluorescent anti-DNP antibody, streptavidin, or DHFR without prior treatment with the relevant PE-PEG ligand anchor showed no significant fluorescent labeling above background levels (unpublished data), which is consistent with previous results ([@bib57]). The fluorescent proteins bound to cells incorporating the appropriate PE-PEG ligand species were not detectably depleted from cell surfaces by repeated washing in mildly acidified medium, pH ≥ 5.0, indicating that the binding is not reversed by exposure to pH values typical of those encountered in endosomal compartments.

![**Structures of PE-PEG ligand conjugates and fluorescent lipid markers.** Structures of the PE-PEG ligand conjugates used in this study (R~1~ and R~2~ are alkyl chains with varying structures, as indicated in the text; asterisks indicate sites of linkage of group X to the PE-PEG anchor), the bulk lipid marker DLMal-TMR, and the fluorescent PE-PEG species DL1500-TMR are shown. Anti-DNP antibody binds strongly to the TNP group of PE-PEG-TNP but can be displaced at acidic pH in the presence of the competing ligand ϵ--DNP-lysine. Streptavidin binds tightly to the biotinyl residue of PE-PEGSS-biotin but can be released by cleavage of the disulfide bond (arrow) in thiol-containing media. *E. coli* DHFR binds tightly to PE-PEG-methotrexate but can be displaced by free methotrexate at neutral pH.](JCB_200903102_LW_Fig1){#fig1}

To examine the intracellular localization of artificially lipid-anchored proteins at early stages after endocytosis, cells incorporating PE-PEG ligand anchors were incubated for short times at 37°C with the appropriate fluorescent protein (and a second endocytic marker as indicated), rapidly chilled, stripped of uninternalized material in the cold, and then fixed and examined by fluorescence microscopy. As illustrated in [Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}, cells incorporating a long-chain saturated (di16:0) PE-PEG-TNP anchor and incubated for 10 min at 37°C with anti-DNP antibody show internalized lipid-anchored antibody both in a large central compartment, which is colabeled by simultaneously internalized transferrin and which has previously been identified as the recycling endosome ([@bib9]), and in small peripheral vesicles. The delivery of the lipid-anchored antibody to recycling endosomes resembles the behavior observed previously in CHO cells for GPI-anchored proteins and for artificial phospholipid-anchored GFP conjugates inserted into the cell surface ([@bib37]; [@bib11]; [@bib47]; [@bib22]; [@bib43]).

![**Internalized anti-DNP antibody bound to a di16:0PEG anchor colocalizes with internalized transferrin in a central endosomal compartment but not in the cell periphery.** Cells pretreated to incorporate di16:0PEG-TNP were incubated for 10 min at 37°C with Alexa Fluor 488--labeled anti-DNP antibody and Alexa Fluor 555--transferrin and then rapidly chilled, stripped of surface-bound labels, and fixed before microscopic examination as described in Materials and methods. (A--C) Confocal images of the distribution of transferrin (A) and lipid-anchored anti-DNP antibody (B; C shows the merged image) show a strong coincidence of fluorescence labeling in the central region of the cell. The images shown in A and B were acquired under conditions in which the fluorescence intensity in the central region of the cell was not saturated and in which the peripheral region accordingly shows only weak fluorescence. (D) Wide-field microscopic image (with central fluorescence shown at saturating levels to reveal peripheral structures) illustrating the divergent distributions of lipid-anchored antibody (green) and transferrin (red) at the cell periphery. Bars, 10 µm.](JCB_200903102_RGB_Fig2){#fig2}

![**Anti-DNP antibody bound to a di16:0PEG lipid anchor is internalized into peripheral endocytic structures that are largely distinct from transferrin-containing vesicles but that contain the GPI-linked folate receptor.** Cells pretreated to incorporate di16:0PE-PEG-TNP were incubated with the indicated pairs of endocytic markers for 10 min at 37°C and then rapidly chilled, stripped of surface-bound fluorescent labels, and fixed before microscopic observation as described in Materials and methods. (A--C) Cells coincubated with Alexa Fluor 488--anti-DNP antibody (green in merged image) and Alexa Fluor 555--transferrin (Tf). (D--F) Cells coincubated with fluorescein-labeled folate (green in merged image) and Alexa Fluor 555--transferrin. (G--I) Cells coincubated with Alexa Fluor 488--anti-DNP antibody (green in merged image) and rhodamine-labeled folate. Bars, 2 µm.](JCB_200903102_RGB_Fig3){#fig3}

In contrast to their strong colocalization in central endosomal structures, transferrin and lipid-anchored anti-DNP antibody show markedly different distributions in the cell periphery ([Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), where the lipid-anchored antibody and transferrin are found in largely divergent populations of early endocytic vesicles ([Fig. 3, A--C](#fig3){ref-type="fig"}). Under the same conditions, fluorescent-labeled folate, which is internalized as a complex with the GPI-anchored folate receptor, also appears in peripheral endocytic vesicles that are largely distinct from those labeled by simultaneously internalized transferrin ([Fig. 3, D--F](#fig3){ref-type="fig"}), as reported previously ([@bib47]). In contrast, cells pretreated to incorporate di16:0PE-PEG-TNP and then coincubated with fluorescent anti-DNP antibody and folate show strong colocalization of the two markers in peripheral endocytic vesicles ([Fig. 3, G--I](#fig3){ref-type="fig"}). Low temperature treatment, like that used in this study to arrest endocytosis while removing surface-bound fluorescent markers, has been shown to lead to some fragmentation of GEEC/CLIC structures, which exist as larger tubulovesicular entities at 37°C ([@bib47]; [@bib26]; [@bib31]). However, as the present and previous findings illustrate, this fragmentation does not lead to a mixing of markers endocytosed by different pathways.

The conditions used for the aforementioned experiments (10-min incubation of cells with endocytic markers at 37°C) were chosen to give optimal fluorescence labeling of peripheral endocytic structures without the need to prebind the endocytic ligands in the cold, thereby avoiding potential perturbations in membrane organization induced by exposing cells to low temperatures before initiating marker uptake. However, parallel experiments in which cells were allowed to bind fluorescent endocytic markers at 0°C for 15 min and then warmed to 37°C for 3 min gave results quantitatively comparable with those illustrated in [Fig. 3](#fig3){ref-type="fig"} (not depicted). [@bib47] have similarly reported that transferrin and folate receptor show a comparably high degree of segregation in peripheral endocytic vesicles in cells incubated at 37°C with the two endocytic markers for times ranging from 2 to 20 min.

Quantitative image analysis, performed as described in Materials and methods, confirmed that the distribution of di16:0PE-PEG--anti-DNP in peripheral endocytic vesicles closely resembles that of folate receptor (internalized via the GEEC/CLIC pathway) and differs strongly from that of labeled transferrin (internalized via clathrin-coated pits). As shown in [Fig. 4 A](#fig4){ref-type="fig"}, the degree of colocalization of di16:0PE-PEG--anti-DNP and folate in peripheral vesicles in the aforementioned experiments is comparable with that measured for fluorescein- and rhodamine-labeled folate in cells coincubated with these latter two ligands. In contrast, di16:0PE-PEG--anti-DNP and folate show comparably low degrees of colocalization with simultaneously endocytosed transferrin in peripheral vesicles.

![**Quantitative analysis of colocalization of di16:0PE-PEG--anchored proteins with transferrin and folate in endocytic vesicles.** (A) Cells incorporating di16:0PE-PEG-TNP or di16:0PE-PEGSS-biotin were coincubated with the indicated pairs of fluorescent markers (SAv, streptavidin; Tf, transferrin) for 10 min at 37°C, and then the extent of colocalization of the two markers in peripheral endocytic structures was determined by microscopy after removal of surface-bound markers and cell fixation (for further details, see Materials and methods). Data labeled folate/folate and Tf/Tf represent the values of the co-distribution index in peripheral endocytic vesicles measured for cells coincubated with fluorescein- and rhodamine-labeled folate or with Alexa Fluor 488-- and Alexa Fluor 555--labeled transferrin, respectively, and indicate the value of the co-distribution index measured for species internalized in an identical manner. (B and C) Cells incorporating PE-PEG-TNP, PE-PEGSS-biotin or PE-PEG-methotrexate species with the indicated acyl or alkyl chains were incubated with labeled anti-DNP antibody, streptavidin, or DHFR, as appropriate, together with labeled transferrin (B) or folate (C), and the extent of colocalization of the two markers in peripheral vesicles was determined as described for A. Values plotted in A--C represent the mean (±SEM) of determinations for 30--60 separate fields (all representing distinct cells) in three to five independent experiments.](JCB_200903102_LW_Fig4){#fig4}

To confirm that the early endocytic routing of PE-PEG--anchored anti-DNP antibody complexes is not determined specifically by the nature of the tethered protein, we also examined the endocytosis of streptavidin bound to cell-incorporated di16:0PE-PEGSS-biotin (structure shown in [Fig. 1](#fig1){ref-type="fig"}). As illustrated in [Fig. 5 (A--C)](#fig5){ref-type="fig"} and as quantified in [Fig. 4 A](#fig4){ref-type="fig"}, cells allowed to endocytose di16:0PE-PEG--anchored streptavidin together with labeled transferrin show only a low degree of colocalization of the two markers in peripheral vesicles, which is similar to the low degree of colocalization observed between internalized transferrin and folate under the same conditions. In contrast, internalized di16:0PE-PEG--streptavidin shows a high degree of colocalization with simultaneously internalized folate in peripheral endocytic structures, which is quantitatively comparable with that observed in cells coincubated with fluorescein- and rhodamine-labeled folate ([Figs. 4 A](#fig4){ref-type="fig"} and [5, D--F](#fig5){ref-type="fig"}). These results qualitatively and quantitatively resemble the aforementioned results for di16:0PE-PEG--anchored anti-DNP antibody, indicating that the specific nature of the protein moiety does not determine the preferential internalization of PE-PEG protein conjugates into peripheral vesicles containing the folate receptor as opposed to vesicles containing the transferrin receptor. Given the low net charge exhibited by streptavidin in particular at neutral pH (estimated as −0.8 unit charges per streptavidin molecule at pH 7.2; [@bib29]), it appears moreover that electrostatic repulsions between a PE-PEG--anchored protein and other membrane proteins do not play an important role in determining the early endocytic routing of the PE-PEG--tethered species.

![**di16:0PE-PEG--anchored streptavidin colocalizes only weakly with transferrin but strongly with the GPI-linked folate receptor in peripheral endocytic vesicles.** (A--F) Cells incorporating di16:0PE-PEGSS-biotin (structure shown in [Fig. 1](#fig1){ref-type="fig"}) were allowed to endocytose Alexa Fluor 555--labeled streptavidin (SAv; red in merged images) along with either Alexa Fluor 488--labeled transferrin (Tf; A--C) or fluorescein-labeled folate (D--F) for 10 min at 37°C and then rapidly chilled, stripped of surface-bound fluorescent labels, and fixed before microscopic observation. Other experimental details were as described in Materials and methods. Bars, 2 µm.](JCB_200903102_RGB_Fig5){#fig5}

Further experiments showed that the early endocytic routing of PE-PEG protein conjugates is not substantially affected by varying the length or the degree of unsaturation of the hydrocarbon chains of the PE-PEG anchor. As illustrated in [Fig. 6](#fig6){ref-type="fig"} and as summarized quantitatively in [Fig. 4 (B and C)](#fig4){ref-type="fig"}, anti-DNP antibody or streptavidin anchored to cells via short-chain saturated (di12:0) or diunsaturated (di16:1 or di18:1) PE-PEG-TNPs or PE-PEG-biotins showed a low extent of colocalization in peripheral vesicles with simultaneously internalized transferrin but a high extent of colocalization with cointernalized folate, mirroring the aforementioned results for proteins bound to long-chain saturated (di16:0) PE-PEG anchors.

![**Proteins anchored to PE-PEG anchors with different hydrocarbon chain structures colocalize with the GPI-anchored folate receptor in peripheral endocytic vesicles.** (A--R) Cells incorporating the indicated diacyl/dialkyl--PE-PEG-TNP or --PE-PEG-biotinyl anchors were incubated for 10 min with Alexa Fluor 555--anti-DNP antibody or Alex Fluor 555--streptavidin together with fluorescein-labeled folate (green in merged images) and then chilled, stripped of surface-bound fluorescent molecules, and fixed for fluorescence imaging. Anchor species and bound fluorescent proteins are designated as follows: di12-, di16c-, and d18c--α-DNP indicate anti-DNP antibody bound to di12:0-, di16:1c-, or di18:1cPE-PEG-TNP; di12-SAv indicates streptavidin bound to di12:0PE-PEGSS-biotin; di16 ether- and di18c ether--α-DNP indicate anti-DNP antibody bound to dihexadecyl-- or di-cis-9′-octadecenyl--PE-PEG-TNP. Other experimental details were as described in Materials and methods. Bars, 2 µm.](JCB_200903102_RGB_Fig6){#fig6}

To assess whether the early endocytic routing of PE-PEG--anchored anti-DNP antibody (maximum valency = 2) or streptavidin (maximum valency = 4) was affected by the potential of these proteins to bind to more than one lipid anchor molecule ([@bib50]; [@bib49]), we also examined the extent of colocalization of internalized transferrin and folate with fluorescent-labeled *E. coli* DHFR, a monomeric protein which binds methotrexate with 1:1 stoichiometry, in cells incorporating di12:0PE-PEG-methotrexate. As shown in [Fig. 4 (B and C)](#fig4){ref-type="fig"} and [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.200903102/DC1), PE-PEG--anchored DHFR, like lipid-anchored antibody or streptavidin, showed a high degree of colocalization with folate and a low degree of colocalization with transferrin in peripheral endocytic vesicles. These results indicate that the strong colocalization of PE-PEG--anchored proteins with the folate receptor but not with the transferrin receptor in peripheral endocytic structures does not require that the anchored protein bind to more than one lipid anchor.

To ensure that the aforementioned results could not be affected by potential remodeling of the probe acyl chains, we also performed analogous experiments using PE-PEG protein conjugates bearing nonhydrolyzable ether-linked hydrocarbon chains. Anti-DNP antibody anchored to membranes via either a disaturated (di-*O*-hexadecyl) or a diunsaturated (di-*O*-cis-9′-octadecenyl) diether PE-PEG-TNP also showed a high degree of colocalization with folate and a much lower extent of colocalization with transferrin in peripheral endocytic structures ([Figs. 4, B and C](#fig4){ref-type="fig"}; and [6, M--R](#fig6){ref-type="fig"}). These findings indicate that the nature, and particularly the degree of saturation, of the hydrocarbon chains carried by the PE moiety exerts at most a minor influence on the tendency of PE-PEG--anchored proteins to colocalize with GPI proteins and not with transferrin in peripheral endocytic vesicles. Confocal microscopy showed that anti-DNP antibody anchored to short-chain (di12:0) or unsaturated (di16:1c) PE-PEGs colocalized strongly with transferrin in the central regions of the cell (unpublished data), which is similar to the aforementioned behavior for the same antibody anchored to di16:0PE-PEG.

In experiments analogous to those described in the previous paragraphs, we also compared the distributions of endocytosed bulk membrane lipid markers with those of simultaneously internalized transferrin or folate in peripheral endocytic vesicles. As illustrated in [Fig. 7 (A--F)](#fig7){ref-type="fig"}, the membrane lipid marker DLMal-TMR (structure shown in [Fig. 1](#fig1){ref-type="fig"}) detectably labels a very high proportion of both the transferrin- and the folate-containing populations of peripheral vesicles. Similar results were observed using two other bulk membrane lipid markers, Bodipy-sphingomyelin ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.200903102/DC1)) and di12:0PE-PEG~3~-fluorescein. Consistent with these observations, quantitative analysis ([Fig. 7 M](#fig7){ref-type="fig"}) indicates that DLMal-TMR colocalizes more extensively with internalized transferrin in peripheral endocytic vesicles than does folate, whereas it colocalizes more extensively with internalized folate than does transferrin.

![**A bulk lipid marker and a fluorescent PE-PEG label both transferrin- and folate-containing peripheral endocytic vesicles.** Cells were preincubated for 30 min at 4°C to incorporate DLMal-TMR or the fluorescent PE-PEG DL1500-TMR (structures shown in [Fig. 1](#fig1){ref-type="fig"}), fluorescent transferrin or folate was added, and the cells were rapidly warmed to 37°C. After 10 min, the cells were chilled, residual surface-bound fluorescent markers were removed, and the fixed cells were imaged by fluorescence microscopy. (A--F) Cells coincubated at 37°C with DLMal-TMR (lipid; red in merged images) and either Alexa Fluor 488--transferrin (Tf) or fluorescein-labeled folate. (G--L) Cells coincubated at 37°C with DL1500-TMR (PEPEG; red in merged images) and either Alexa Fluor 488--transferrin or fluorescein-labeled folate. The virtual absence of deep green vesicles (labeled by transferrin or folate only) illustrates the observation that essentially all transferrin- and folate-containing vesicles are also labeled to some extent by the lipid and PE-PEG markers. (M) Quantitation of the indexes of co-distribution of DLMal-TMR and DL1500-TMR with transferrin (solid bars) and folate (hatched bars). Values plotted represent the mean (±SEM) of determinations for 40--50 separate fields (all from distinct cells) in three to four independent experiments. The co-distribution indexes measured in parallel experiments for cointernalized Alexa Fluor 488-- and Alexa Fluor 555--transferrin (Tf solid bar), fluorescein- and rhodamine-labeled folate (Folate hatched bar), and labeled folate and transferrin (Tf hatched bar and Folate solid bar) are shown for reference. Other experimental details are described in Materials and methods. Bars, 2 µm.](JCB_200903102_RGB_Fig7){#fig7}

The fluorescent probe DL1500-TMR ([Fig. 1](#fig1){ref-type="fig"}) corresponds to a PE-PEG anchor labeled at its distal terminus with a small fluorescent residue. Like the aforementioned bulk lipid markers, DL1500-TMR is found in a high proportion of both transferrin receptor-- and folate receptor--containing peripheral vesicles ([Fig. 7, G--L](#fig7){ref-type="fig"}). Accordingly, quantitative analysis ([Fig. 7 M](#fig7){ref-type="fig"}) likewise shows that the protein-free PE-PEG marker is found in transferrin-positive peripheral vesicles to a much greater extent than is labeled folate and in folate-positive vesicles to a much greater extent than is labeled transferrin. Thus, the peripheral localization of the protein-free PE-PEG marker resembles more closely the distribution of a bulk lipid marker than that of the GPI-anchored folate receptor (or of PE-PEG--anchored proteins; [Fig. 4, B and C](#fig4){ref-type="fig"}), although the PE-PEG marker may colocalize slightly more strongly with the folate receptor than does the bulk lipid marker ([Fig. 7 M](#fig7){ref-type="fig"}).

Modulation of different endocytic pathways affects internalization of GPI- and PE-PEG--anchored proteins in a similar manner
----------------------------------------------------------------------------------------------------------------------------

The GEEC/CLIC pathway has been shown to be clathrin and dynamin independent and regulated by Arf1 and cdc42 but not by RhoA ([@bib47]; [@bib27]). To assess further whether endogenous GPI proteins and PE-PEG--anchored proteins are internalized by the same pathway, we compared how the rates of endocytosis of PE-PEG protein conjugates, folate, and transferrin are affected by treatments that modify the cellular activities of dynamin, Arf1, and RhoA. As shown in [Fig. 8 A](#fig8){ref-type="fig"}, the dynamin-inhibiting agent dynasore ([@bib32]; [@bib24]) strongly inhibited the uptake of transferrin but had no effect on that of folate, which is consistent with the previous finding that endocytosis via the GEEC/CLIC pathway is dynamin independent ([@bib47]). Dynasore also had no effect on the internalization of anti-DNP antibody anchored to di16:0PE-PEG-TNP or of (monomeric/monovalent) DHFR anchored to di16:0PEG-methotrexate ([Fig. 8 A](#fig8){ref-type="fig"}). A clathrin-independent, dynamin- and RhoA-dependent pathway distinct from the GEEC/CLIC pathway ([@bib28]) has been reported to mediate internalization of the interleukin-2 receptor β subunit but not of GPI-anchored proteins in CHO cells ([@bib47]). Consistent with our observation that inhibition of dynamin failed to affect the uptake of either folate or PE-PEG--anchored anti-DNP antibody, the internalization of both markers was also unaffected by expression of a dominant-negative mutant of RhoA (unpublished data).

![**Modulation of dynamin and Arf1 activities affects endocytosis of artificially lipid-anchored proteins in a manner very similar to that observed for GPI proteins.** Cells were allowed to internalize Alexa Fluor 555--transferrin, rhodamine-labeled folate, Alexa Fluor 555--labeled anti-DNP antibody (for cells incorporating di16:0PE-PEG-TNP), or DHFR (for cells incorporating di16:0PE-PEG-methotrexate), the bulk lipid marker DLMal-TMR, or the fluorescent PE-PEG DL1500-TMR (the latter two markers were preincorporated into the plasma membrane at 0°C) for 3 min at 37°C. The amount of internalized marker was then determined by microscopy after the removal of residual surface-associated markers and fixation as described in Materials and methods. Uptake of each fluorescence marker under the indicated treatments is expressed as a percentage of the level of marker internalization measured in parallel untreated control samples. Data values shown represent the mean (±SEM) determined from three to seven independent experiments. (A) Effects of 80 µM of the dynamin inhibitor dynasore preincubated with cells for 20 min. (B) Effects of transient expression of a dominant-negative (T31N) form of Arf1. (C) Effects of expression of shRNAs directed against Arf1 (solid bars) or against Arf3 as a negative control (hatched bars). (D) Effects of transient expression of a constitutively activated (Q71L) form of Arf1.](JCB_200903102_LW_Fig8){#fig8}

Expression of a dominant-negative (T31N) form of Arf1 strongly inhibited the internalization of folate and of PE-PEG--anchored anti-DNP antibody but did not affect the uptake of transferrin ([Fig. 8 B](#fig8){ref-type="fig"}). Expression of a small hairpin RNA (shRNA) directed against Arf1 ([@bib56]) likewise differentially affected the uptake of these markers in a very similar pattern, whereas expression of a control shRNA directed against Arf3 did not significantly alter the uptake of any of these species ([Fig. 8 C](#fig8){ref-type="fig"}). Conversely, expression of a constitutively active (Q71L) form of Arf1 markedly stimulated the uptake of both folate and PE-PEG--anchored antibody ([Fig. 8 D](#fig8){ref-type="fig"}). Expression of activated Arf1 slightly reduced the uptake of transferrin, possibly reflecting compensatory regulatory interactions between the clathrin-mediated and other endocytic pathways ([@bib6]). The observed effects of mutant Arf1 species and of Arf1 knockdown on the uptake of transferrin and folate agree well with those reported in a previous study ([@bib27]), which also showed that the effects of Arf1 modulation on endocytosis via the GEEC/CLIC pathway are not mediated through effects on secretory trafficking. Thus, endocytosis of artificially lipid-anchored proteins responds to perturbations of the activities of dynamin, Arf1 (using several different treatments), and RhoA in a manner very similar to the observed effects of these perturbations on internalization of the folate receptor.

Inhibition of dynamin and modulation of Arf1 activity affected cellular uptake of the bulk membrane lipid marker DLMal-TMR in a pattern distinct from those observed for both transferrin and lipid-anchored proteins. Dynasore strongly reduced the cellular uptake of the lipid marker, which is in contrast to its minimal effects on the uptake of lipid-anchored proteins ([Fig. 8 A](#fig8){ref-type="fig"}). Expression of dominant-active Arf1 ([Fig. 8 B](#fig8){ref-type="fig"}) or of anti-Arf1 shRNA but not of a control anti-Arf3 shRNA ([Fig. 8 C](#fig8){ref-type="fig"}) also substantially reduced the uptake of DLMal-TMR while (as already noted) causing no significant inhibition of transferrin uptake. The observed sensitivity of bulk lipid uptake to inhibition of either dynamin or Arf1 is consistent with the conclusion from our colocalization experiments that bulk membrane lipids are endocytosed to significant extents both by clathrin-mediated endocytosis and by the GEEC/CLIC pathway in CHO cells. Also consistent with this conclusion, uptake of DLMal-TMR is slightly stimulated (by roughly 20%) in cells expressing constitutively activated (Q71L) Arf1 ([Fig. 8 D](#fig8){ref-type="fig"}), which is an effect intermediate between the mild inhibition of transferrin uptake and the strong stimulation of internalization of lipid-anchored proteins (folate receptor and PE-PEG--anchored anti-DNP antibody) that are observed under the same conditions.

As shown in [Fig. 8](#fig8){ref-type="fig"}, internalization of the fluorescent-labeled PE-PEG DL1500-TMR (structure shown in [Fig. 1](#fig1){ref-type="fig"}) was altered in a manner comparable with that observed for the bulk lipid marker DLMal-TMR in cells treated with dynasore ([Fig. 8 A](#fig8){ref-type="fig"}) or expressing dominant-negative or constitutively activated forms of Arf1 ([Fig. 8, B and D](#fig8){ref-type="fig"}). From these results and from the colocalization results presented earlier, it appears that the simple presence of the PEG linker is not sufficient to shift the endocytic behavior of a labeled PE-PEG (degree of colocalization with different markers and response to various modulators of endocytic pathways) from a bulk lipid-like pattern to the distinct pattern observed for GPI- or PE-PEG--anchored proteins. Instead, the presence of a tethered protein moiety (although not of a specific protein sequence or structure) appears to be a key requirement for PE-PEG--based conjugates to be internalized preferentially via the GEEC/CLIC pathway.

Discussion
==========

The results obtained in this study provide several significant insights into the mechanism or mechanisms by which GPI-anchored proteins are readily internalized via the GEEC/CLIC pathway while exhibiting negligible uptake via clathrin-coated endocytosis in mammalian cells. First, this preferential endocytic routing clearly does not require specific structural elements of the complex GPI polar head group, ruling out any obligatory role for a putative GPI anchor--binding protein in the uptake of GPI proteins via the GEEC/CLIC pathway. Second, recruitment of lipid-anchored exofacial proteins into the GEEC/CLIC pathway does not require that the anchor carry long, saturated hydrocarbon chains like those found on many naturally occurring GPI proteins ([@bib39]; [@bib33]). This finding suggests that the ability of GPI proteins to associate with ordered-lipid microdomains does not determine their potential for recruitment into the GEEC/CLIC pathway. Finally, the presence of a bulky protein residue attached to the lipid anchor appears to be a key requirement for the preferential uptake of GPI proteins into the GEEC/CLIC pathway. This conclusion is based on our observations that artificial PE-PEG--anchored proteins closely resemble the GPI-linked folate receptor, and differ markedly from both simple lipid markers and PE-PEG molecules not bound to protein, in their distributions in peripheral endocytic vesicles and in the manner in which their uptake is affected by modulating the activities of dynamin and Arf1. Thus, it appears that the steric bulk of these lipid-anchored proteins is a critical determinant of their preferential routing into the GEEC/CLIC pathway in competition with, e.g., the coated pit pathway. Although steric interactions between membrane proteins have been hypothesized to influence their functional behavior in important ways ([@bib19]), experimental indications of the significance of such effects have previously been limited mainly to observations of the kinetics of membrane protein diffusion ([@bib12]). Our present results indicate that such steric interactions, although relatively rudimentary and nonspecific in nature, can exert important and even qualitative effects on the trafficking of some membrane proteins as well.

Our present results suggest that a significant fraction of the total endocytic flux of bulk plasma membrane lipids can be mediated via the GEEC/CLIC pathway. Fluorescent bulk lipid markers such as DLMal-TMR and Bodipy-sphingomyelin are readily observed in essentially all peripheral endocytic vesicles that contain the folate receptor, which is in agreement with the findings of [@bib31] using a different lipid marker, and the uptake of a bulk lipid marker is significantly modified by treatments that selectively modulate the activity of the GEEC/CLIC pathway. Based on the use of treatments that inhibit or activate particular endocytic pathways, precise quantitation of the relative contributions of different endocytic pathways to internalization of a given endocytic marker is complicated by the regulatory interactions that can occur between different pathways ([@bib6]). Nonetheless, our results suggest that the coated pit pathway also mediates a substantial fraction of the overall endocytic flux of bulk membrane lipids, which is in agreement with previous conclusions ([@bib45]; [@bib47]). Our findings agree only partially with those of a previous study in which Bodipy-sphingomyelin was detected in transferrin- but not in folate-containing peripheral endocytic vesicles ([@bib47]). This apparent discrepancy may reflect a quantitative rather than a qualitative difference (based on, e.g., different sensitivities of detection of the lipid markers). However, our findings agree with the key conclusion of [@bib47] that GPI proteins show important differences from bulk lipid markers in their overall endocytic behavior.

How can very simple, nonspecific features of the structures of exofacially lipid-anchored proteins, notably (as we have shown in this study) the steric bulk of the tethered protein moiety, allow these species to be taken up readily via the GEEC/CLIC pathway and not in parallel via the clathrin-mediated endocytic pathway? We suggest that the answer may lie at least partly in an ability of coated pits, as they concentrate their preferred membrane protein cargoes, to create highly crowded environments (at least at their extracytoplasmic faces) that tend to exclude membrane proteins lacking positive signals for recruitment to these structures. In the simplest model based on this proposal, the GEEC/CLIC pathway would serve as a simple default/bulk process for uptake of lipid-bound proteins present in the exofacial leaflet of the plasma membrane, except in cases in which such proteins associate with other membrane proteins that recruit them to alternative endocytic pathways.

The aforementioned minimal model, although it appears broadly compatible with our present findings, may not accommodate all previously reported observations. Most notably, [@bib47] found that a chimeric protein, in which the normal GPI anchor of the folate receptor was replaced by an Fc-γ receptor transmembrane domain and the cytoplasmic sequence of the low density lipoprotein receptor, was internalized into transferrin-containing peripheral endocytic structures and not into GEEC/CLIC structures, even when the cytoplasmic sequence of the chimeric protein incorporated mutations that impair clathrin-mediated endocytosis of the native low density lipoprotein receptor. This result suggests that internalization of transmembrane proteins by the GEEC/CLIC pathway may require some form of positive targeting information, and it underscores the need for further investigation to confirm whether preferential internalization of membrane proteins via the GEEC/CLIC pathway requires specific sequence/structural/topological information or, conversely, rests purely on an absence of signals for endocytosis by other mechanisms. In this regard, we note that our finding that very rudimentary structural determinants dictate the preferential uptake of (exofacial) lipid-anchored proteins via the GEEC/CLIC pathway does not inherently imply that entry of such proteins into this pathway is purely nonspecific or unregulated. The diffusion and the distributions of both endogenous GPI proteins and artificially lipid-anchored proteins on the cell surface have been shown to be modulated by the cortical actin cytoskeleton and to depend on the presence of the bulky tethered protein moiety ([@bib7]; [@bib13]; [@bib55]; [@bib14]; [@bib40]; [@bib52]; [@bib58]; [@bib4]; [@bib18]). Given our limited current understanding of the mechanistic bases for such phenomena, we cannot exclude that related mechanisms could function to recruit or to select lipid-anchored exofacial proteins as cargo for the GEEC/CLIC pathway, albeit without requiring recognition of specific sequence/structural motifs in the anchored species or their association with ordered-lipid microdomains.

Materials and methods
=====================

Materials
---------

Transferrin and streptavidin (Sigma-Aldrich) and rabbit polyclonal anti-DNP IgG (Invitrogen) were labeled with Alexa Fluor 488-- or Alexa Fluor 555--succinimidyl ester (Invitrogen) as per the manufacturer's instructions. *E. coli* DHFR, expressed from a plasmid constructed by inserting the complete coding sequence of the protein between the NdeI and BamHI sites of pMAL-p4X (New England Biolabs, Inc.), was purified from *E. coli* by affinity chromatography on methotrexate-Sepharose ([@bib16]) and labeled with Alexa Fluor 555--succinimidyl ester. Fluorescein-labeled folate was originally obtained as a gift from S. Mayor (National Centre for Biological Sciences, Bangalore, India) and later synthesized by the method of [@bib38], as was its rhodamine-labeled analogue. All common chemicals were reagent grade or better.

Syntheses of PE-PEG-TNPs
------------------------

α,ω-Diamino-PEG1500 ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.200903102/DC1), species 1; [@bib59]) was reacted with 1 equivalent of Boc-ON ([@bib21]). The reaction products were extracted from 0.1 M aqueous NaHCO~3~, pH 8.5, into 5× 1 vol CH~2~Cl~2~, combined with 2 equivalents of acetic acid, dried, redissolved in water, and fractionated on SP-Sephadex C-50 (GE Healthcare), eluting with a gradient of 0--20 mM NaCl. The pure mono-Boc--protected product was reacted overnight with 5 equivalents of succinic anhydride in 1:1 acetone/0.3 M NaHCO~3~, pH 8.5, which was then acidified with acetic acid and extracted with 4× 1 vol CH~2~Cl~2~ to yield α-BocNH-ω-*N*-succinyl-PEG1500 (Fig. S3, species 2). This species was reacted overnight with 1.1 equivalents of dicyclohexylcarbodiimide (DCC) and 1.5 equivalents of *N*-hydroxysuccinimide (NHS) in dry 1:1 dimethylformamide (DMF)/CH~2~Cl~2~ and then with 1 equivalent of PE (extensively dried in vacuo) in dry CHCl~3~/DMF containing 8 equivalents of diisopropylethylamine (DIEA) and 1.5 equivalents of trifluoroacetic acid (TFA) for 4 h at 40°C. The reaction mixture was diluted with 10 vol 1:1 methanol/0.1 M Mes, pH 6.0, and extracted four times with an equal volume of CH~2~Cl~2~. The pooled extracts were concentrated under vacuum, and the PE-PEG1500-NH-t-Boc was purified by preparative silica gel TLC in 50:16:6:6:3 CH~2~Cl~2~/acetone/CH~3~COOH/CH~3~OH/H~2~O. The purified material was N-deprotected by treatment with HCl in dry chloroform at 0°C ([@bib53]) and then reacted with 5 equivalents of trinitrobenzenesulfonic acid in 2:1 methanol/0.1 M NaHCO~3~, pH 8.5, for 1 h at 25°C. After acidifying with acetic acid and adjusting to 1:1 (vol/vol) methanol/aqueous, the reaction products were extracted into 4× 1 vol CH~2~Cl~2~ and purified by TLC, in the manner just described for PE-PEG1500-NH-t-Boc conjugates, to yield PE-PEG-TNPs.

Synthesis of PE-PEG-methotrexates
---------------------------------

Fmoc--glutamic acid α-t-butylester, preactivated overnight with 1.1 equivalents of DCC and 1.5 equivalents of NHS in dry 1:1 DMF/CH~2~Cl~2~, was reacted with 1 equivalent each of S-trityl (Trt) cysteamine ([@bib17]) and DIEA for 8 h at 22°C. The product was purified on a column of silica gel (eluting with 0.5--4% methanol), N-deprotected in 4:1 DMF/piperidine for 1 h at 22°C, and coupled to 1 equivalent of APA (preactivated for 1 h with 1 equivalent each of PyBOP and triethylamine) for 48 h in dimethyl sulfoxide. Purification by preparative TLC and S/O-deprotection in 97:3 TFA/triisopropylsilane for 3 h at 22°C yielded γ-cysteamidomethotrexate, which was coupled to ω-(maleimidobutyryl)-PE-PEG ([@bib30]) in 3:1:1 methanol/CH~2~Cl~2~/0.5 M Hepes, pH 7.0 for 4 h at 22°C and purified by preparative TLC to yield PE-PEG-methotrexate.

Synthesis of DL1500-TMR
-----------------------

ω-Amino-PEG1500-di12:0PE was reacted with 1.2 equivalents each of TMR (5\[6\]-carboxytetramethylrhodamine) succinimidyl ester (Invitrogen) and triethylamine for 2 h in dry CH~2~Cl~2~ and then purified by TLC as described for PE-PEG-TNP.

Syntheses of PE-PEGSS-biotin species
------------------------------------

S-MMT-mercaptopropionic acid, prepared from MMT chloride and 3-mercaptopropionic acid ([@bib1]), was activated with 1.1 equivalents of DCC and 1.5 equivalents of NHS in dry 1:1 DMF/CH~2~Cl~2~ for 12 h at 25°C and then reacted overnight with 1 equivalent of diamino-PEG1500 in 1:1 DMF/CH~2~Cl~2~. The monoderivatized PEG product ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.200903102/DC1), species 3) was purified on SP-Sephadex C-50, eluting with 0--20 mM NaCl in 50% aqueous ethanol. The purified (S-MMT)-mercaptopropionyl-NH-PEG1500-NH~2~ was N-succinylated and coupled to PE as described for PE-PEG1500-NH-t-Boc and then S-deprotected using 1% TFA and 3% triethylsilane in dry CH~2~Cl~2~ under argon for 45 min to yield ω-(mercaptopropionyl)amido-PE-PEG (Fig. S4, species 4). 4-S-Trt-mercaptobenzoic acid (Fig. S4, species 5; [@bib23]), activated with 1.1 equivalents of DCC and 1.5 equivalents of NHS in 1:1 dry DMF/CH~2~Cl~2~, was added slowly to 10 equivalents of α,ω-diamino-PEG~3~ in acetonitrile and then stirred for 18 h and concentrated under nitrogen. The residue was redissolved in ethyl acetate, washed with 3× 1 vol of 0.5 M Na~2~CO~3~, dried over Na~2~SO~4~, and concentrated under N~2~. After drying under high vacuum, the products were purified by flash chromatography on silica gel 60, eluting with 0.1% triethylamine plus 3--10% methanol in CH~2~Cl~2~. The purified (Trt-mercaptobenzoyl)NH-PEG~3~-NH~2~ was reacted with biotin succinimidyl ester (DMF and 1 equivalent of DIEA for 5 h at 25°C), and the products were S-deprotected (97:3 TFA/triethylsilane for 1 h) and purified by flash chromatography to yield species 6 in Fig. S4. ω-(3-mercaptopropionyl-NH)-PE-PEGs (Fig. S4, species 4) were activated on the terminal sulfhydryl residue with 2 equivalents of carbomethoxylsulfenyl chloride for 12 h at 0°C in dry methanol; after adding 1 vol of 0.2 M Mes, pH 6.0, the products were extracted with 5× 1 vol CH~2~Cl~2~ and reacted under argon with 1 equivalent of 4-mercaptobenzoylamido-PEG~3~-biotin (1:1 CH~2~Cl~2~/methanol for 12 h at 25°C). The PE-PEGSS-biotin product was purified as described for PE-PEG-TNPs.

Syntheses of fluorescent lipid markers
--------------------------------------

Bodipy-sphingomyelin was prepared by acylation of sphingosine phosphorylcholine with the succinimidyl ester of 5-(5,7-dimethyl-Bodipy)-1-pentanoic acid ([@bib42]). DLMal-TMR was prepared by derivatizing di12:0PE with 1.2 equivalents each of 4-maleimidobutyric acid succinimidyl ester (Sigma-Aldrich) and triethylamine in CH~2~Cl~2~ and then coupling glutathione to the recovered product and finally labeling the glutathionyl amino group with TMR succinimidyl ester. di12:0PE-PEG~3~-fluorescein was synthesized by coupling di12:0PE to α-*N*-succinyl-ω-*N*-Boc-PEG~3~, N-deprotecting the intermediate product with HCl/CH~2~Cl~2~, and labeling with the succinimidyl ester of 5(6)-carboxyfluorescein (Invitrogen).

Plasmids and cell transfection
------------------------------

PCR fragments encoding the complete coding sequences of the dominant-negative T17N and T19N forms of human cdc42 and RhoA, respectively, flanked at their 5′ and 3′ ends by EcoRI and BamHI sites and with GCCACC sequences preceding their initiator ATG codons, were prepared from plasmids provided by N. Lamarche (McGill University, Montreal, Quebec, Canada). The digested fragments were cloned between the EcoRI and BamHI sites of pcDNA3.1(−) (Invitrogen), and the resulting plasmids were digested with SpeI, treated with Klenow fragment, and religated to eliminate the remaining SpeI site. A PCR fragment comprising the internal ribosome entry site (nt 259--836) of encephalomyocarditis virus, flanked at the 5′ end by a BamHI restriction sequence and at the 3′ end by the sequence 5′-ACTAGTGACAAGGCATAACTTAAG-3′, was cloned into the aforementioned plasmids via their BamHI and AflII sites. A complete EGFP coding sequence (including the termination codon but omitting the initiator ATG) was finally cloned between the SpeI and AflII sites of the resulting plasmids to produce the bicistronic plasmids pc(cdc42\[T17N\]/GFP) and pc(RhoA\[T19N\]/GFP). Analogous bicistronic plasmids encoding the dominant-negative (T31N) and constitutively activated (Q71L) forms of human Arf1 along with EGFP were prepared similarly, using as the PCR template a pOCT7-based plasmid incorporating the human Arf1 coding sequence (Open Biosystems) and introducing the appropriate mutations using a QuikChange II mutagenesis kit (VWR International). All constructs were verified by sequencing. Plasmids encoding shRNAs directed against Arf1 and -3 ([@bib56]) were provided by R. Kahn (Emory University, Atlanta, GA). Cells were transfected with plasmids using Fugene 6 (Roche) according to manufacturer's instructions 24--36 h before analysis of uptake of endocytic markers. For experiments in which cells were transfected with plasmids encoding mutant proteins or shRNAs, transfected cells were identified via expression of GFP encoded either in the second open reading frame of a bicistronic plasmid (mutant forms of Arf1 or RhoA) or by a separate, cotransfected plasmid (for anti-Arf1 and -Arf3 shRNAs, using a 4:1 molar ratio of shRNA- to GFP-encoding plasmid for transfection).

Incorporation of PE-PEGs into CHO cells
---------------------------------------

FRαTb-1 cells, a CHO cell-derived line stably coexpressing the GPI-anchored human folate receptor and human transferrin receptor (provided by S. Mayor; [@bib37]), were cultured to 40--70% confluency in folate-free Ham's F12 medium containing 10% dialyzed serum on glass coverslips or glass-bottomed culture dishes precoated with 10 µg/ml fibronectin. Ligand-substituted PE-PEGs were incorporated into cells by two methods. In the first, PE-PEG samples (dried under a stream of nitrogen and then in vacuo from stock solutions in methylene chloride) were dispersed in 290 mM sucrose and 1 mM Hepes, pH 7.2, by incubating for 5 min at 37°C, bath sonicating for 5 min, and heating to 50°C for 5 min. Cell monolayers were washed four times at 37°C with Hanks' buffered saline solution supplemented with 25 mM Hepes, pH 7.2, (HBSS) and once with 290 mM sucrose, 1 mM CaCl~2~, and 1 mM Hepes, pH 7.2, and then incubated at 37°C with the PE-PEG dispersions (freshly supplemented with CaCl~2~ to 1 mM) for 5 min at a concentration of 5--10 µM for di12:0PE-PEG derivatives or for 90 min at a concentration of 25 µM for other PE-PEGs. In the second method, dispersions of PE-PEGs complexed to BSA, prepared using the method of [@bib42], were incubated at 37°C in HBSS with cell monolayers (previously washed four times with HBSS) for 5 min using 5--10 µM di12:0PE-PEG or for 60--90 min using 25--50 µM of other PE-PEGs. After incorporation of PE-PEGs by either method, cells were washed four times with HBSS and postincubated for 1 h in serum-free medium (or HBSS for cells treated with PE-PEGSS-biotin) at 37°C. PE-PEGs incorporated into cells by either of the aforementioned methods showed comparable behavior in the assays discussed in the Results section, although the second method gave markedly higher incorporation of PE-PEGs with di18:1c or di18:1c ether chains. After binding of fluorescent protein markers to cells treated by these procedures (see next section), measurements of cell-associated fluorescence indicated that the levels of PE-PEG--anchored proteins incorporated into the cell membrane were comparable with or lower than the levels of expressed transferrin or folate receptors.

Uptake of endocytic markers
---------------------------

Except where otherwise indicated, to initiate endocytic uptake, fluorescent proteins and other endocytic markers were added at 37°C in HBSS to washed cell monolayers at the following concentrations: 40 µg/ml or 20 µg/ml for Alexa Fluor 488-- or Alexa Fluor 555--labeled proteins, respectively, and 100 nM or 25 nM for fluorescein- or rhodamine-labeled folate, respectively. After incubation at 37°C for the indicated times, the cells were rapidly chilled to 4°C and stripped of surface-bound markers in the cold by incubating under the following conditions: for transferrin or fluorescent folic acid derivatives, four times for 15 min each in ascorbate buffer (160 mM sodium ascorbate, 40 mM ascorbic acid, 1 mM CaCl~2~, and 1 mM MgCl~2~, pH 4.5; [@bib47]); for anti-DNP antibody, four times for 15 min each in ascorbate buffer containing 10 mM DNP-lysine; for streptavidin, five times for 10 min each in HBSS supplemented with 10 mM cysteine and adjusted to pH 8.5; and for DHFR, four times for 15 min each in HBSS containing 30 µM methotrexate. Cells were then fixed for 30 min on ice in phosphate-buffered saline containing 3% formaldehyde, washed with cold HBSS, and mounted in 10% Mowiol, 25% glycerol, and 2.5% DABCO (1,4-diazabicyclo\[2.2.2\]octane) in 0.2 M Tris, pH 8.5. Samples incubated with fluorescein-labeled markers were mounted in the same medium containing 10% DABCO after incubating with 10 µg/ml nigericin for 10 min at room temperature to collapse any transmembrane proton gradients.

For experiments to examine endocytosis of fluorescent lipid probes, cells were first labeled with the fluorescent lipids by incubating for 30 min at 4°C with 2.5--10 µM labeled lipid--BSA complexes (prepared as described in [@bib42]) in HBSS and then washed four times with cold HBSS. After adding a second endocytic marker and rapidly warming and incubating for the indicated times at 37°C, the cells were rapidly cooled to 4°C, stripped to remove the surface-bound pool of the second marker, and fixed as described in the previous section. Surface-associated lipid probe was then removed by incubation with HBSS containing 5% defatted BSA (six times for 10 min each at 22°C). The cells were finally washed with HBSS and imaged immediately thereafter. Endocytosis of the fluorescent PE-PEG marker DL1500-TMR was examined by a similar procedure, initially incorporating the labeled PE-PEG into cells as described in the previous section for other di12:0PE-PEG species.

Fluorescence microscopy and image analysis
------------------------------------------

For quantitations of the extent and kinetics of label uptake, cells were examined on a fluorescence microscope (TE300; Nikon) with a 20× NA 0.45 Plan-Fluor objective. Total integrated fluorescence (corrected for the local background fluorescence measured from nearby cell-free areas) was determined for 60--100 cells (in at least 10 distinct fields) per treatment and for a comparable number of untreated control cells in each experiment. The mean background-corrected fluorescence per cell was then further corrected for the mean (background subtracted) time 0 fluorescence signal per cell, which was determined for a comparable number of cells in parallel control samples (incubated with label at 4°C rather than at 37°C and then processed as for cells incubated at 37°C and photographed under identical image acquisition conditions using paired phase-contrast images to localize the cell margins for the control samples). Confocal microscopy was performed using a confocal microscope (LSM 5 Pascal; Carl Zeiss, Inc.) with a 63× NA 1.45 objective lens and a pinhole setting of 1.0 µm.

For measurements of colocalization of different endocytic labels, fixed cells were imaged on a wide-field fluorescence microscope (IX18; Olympus) using a 60× NA 1.45 Plan-Apochromat objective. The extent of colocalization of different fluorescent markers in peripheral endocytic vesicles was quantitated using an object-based colocalization algorithm implemented in Matlab R2008a. Pairs of high magnification images obtained from fields on the periphery of cells labeled with two endocytic markers and typically containing 150--400 vesicles per field were first processed with a spatial bandpass filter, and local maxima (with peak intensities exceeding an appropriately assigned threshold) were then determined in each image to identify small vesicles. For each of the paired filtered images (A and B), the positions of the centroids of all peaks thus identified were then determined. For the position of each peak in image A, the intensities measured in image A versus image B were recorded; the same was performed for the position of each peak in image B. Two linear correlation coefficients were then calculated: r(A/B), based on the first dataset (peak intensities in image A vs. intensities measured at the corresponding positions in image B); and r(B/A), based on the second dataset. The values of the two correlation coefficients were then averaged to yield the co-distribution index presented in [Figs. 4](#fig4){ref-type="fig"} and [7M](#fig7){ref-type="fig"}. Similar results were obtained using a related analysis based on the integrated intensities rather than the peak intensities for maxima identified in the paired images.

Online supplemental material
----------------------------

Fig. S1 illustrates the low degree of colocalization between internalized transferrin and *E. coli* DHFR bound to di16:0PE-PEG-methotrexate and the high degree of colocalization observed between internalized DHFR and folate under the same conditions. Fig. S2 illustrates the observation that early endocytic vesicles containing either transferrin or folate are extensively colabeled by Bodipy-sphingomyelin in cells allowed to internalize transferrin or folate and the fluorescent sphingomyelin marker simultaneously. Figs. S3 and S4 show diagrammatically the synthetic schemes followed to prepare PE-PEG-TNPs and PE-PEGSS-biotins, respectively. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.200903102/DC1>.
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